Ferroelectric BaTiO 3 ͑BTO͒ thin films were deposited on NiO buffered polycrystalline Ni tapes by pulsed laser deposition. Microstructural studies by x-ray diffractometer and transmission electron microscopy reveal that the as-grown BTO films have the nanopillar structures with an average size of approximately 80 nm in diameter and the good interface structures with no interdiffusion or reaction. The dielectric and ferroelectric property measurements exhibit that the BTO films have a relatively large dielectric constant, a small dielectric loss, and an extremely large piezoelectric response with a symmetric hysteresis loop. These excellent properties indicate that the as-fabricated BTO films are promising for the development of the structural health monitoring systems. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2739082͔ Barium titanate ͓BaTiO 3 ͑BTO͔͒ is one of the most important ferroelectric materials and has attracted much attention for its remarkable properties such as high dielectric constant, good ferroelectric properties, and large electro-optic and nonlinear optic coefficients.
Barium titanate ͓BaTiO 3 ͑BTO͔͒ is one of the most important ferroelectric materials and has attracted much attention for its remarkable properties such as high dielectric constant, good ferroelectric properties, and large electro-optic and nonlinear optic coefficients. [1] [2] [3] [4] [5] Especially, BaTiO 3 has excellent piezoelectric properties resulting in broad applications in the control systems. BTO thin films have been deposited on various substrates using a broad spectrum of techniques to provide a platform for many device applications such as ferroelectric random access memories, optical modulators, waveguides, and microelectromagnetic systems. 6, 7 On the other hand, ferroelectric BTO thin film displayed excellent piezoelectric properties, similar to its single crystal ferroelectrics. 8 These unique properties enable the BTO thin films to be great candidates for the development of the unobtrusive piezoelectric wafer active sensor arrays for structural health monitoring. 9, 10 However, major challenges exist in extending this technology to structural health monitoring since the fabrication of the ferroelectric BTO thin films on structural materials ͑steel, nickel, aluminum, etc.͒ has not been attempted yet, which will raise a number of crystallinity and interface-related challenges.
Recently, we have developed a unique technique to achieve in situ fabrication of BTO thin films on the typical structural material Ni using pulsed laser deposition system. Ultrathin interfacial buffer layer NiO was created by in situ oxidation treatment of Ni tape at high temperature, which would facilitate film growth by bonding the BTO layer onto the Ni substrate. In this letter, we report our recent achievements of the fabrication of ferroelectric BTO thin films on Ni tapes and the observation of extremely large piezoelectric coefficient achieved from the as-grown BTO films.
A KrF excimer pulsed laser deposition system with a wavelength of 248 nm was used to perform the fabrication of ferroelectric BTO thin films on Ni substrates. A layer of NiO with the thickness of 50-80 nm was synthesized via in situ oxidation treatment of the Ni tape in oxygen atmosphere of 300 Torr at 800°C for 3 min. NiO has a rocksalt structure with an excellent electrical conductivity and chemical stability, which can be used as conductive electrodes and as the barrier for blocking the interdiffusion or inter-reaction between the ferroelectric film and metal substrate. It should be pointed out that the rocksalt structural NiO also has good crystallographic compatibility to the perovskite microstructure of BTO growth. The optimal growth conditions for ferroelectric BTO thin film growth on Ni tape were found to be an energy density of about 2.0 J / cm 2 with a laser repetition rate of 5 Hz in an oxygen pressure of 300 mTorr at 800°C. Stoichiometric BTO target was used for the BTO growth. The typical growth rate and the film thickness were about 6 nm/ min and 400 nm, respectively.
X-ray diffraction ͑XRD͒ -2 scan, transmission electron microscopy ͑TEM͒ ͑both plan view and the cross section͒, and scanning probe microscope were employed to characterize the microstructures and crystallinity of the asgrown BTO films. As seen in Fig. 1 , the XRD pattern from the as-deposited BTO thin film on Ni shows all the peaks from the polycrystalline BTO phases and polycrystalline Ni substrate. These peak positions suggest that the Ni substrate is a cubic phase and the BTO layer belongs to the tetragonal phase. The relatively stronger intensity from the ͑002͒ diffraction in the BTO film indicates that the grains in the BTO film may have a slight preference for c-axis orientation.
The microstructure of the as-deposited BTO film was further investigated by TEM. Figure 2͑a͒ The above results show that BTO films consisting of crystalline nanopillars can be deposited directly on Ni substrate by introducing a NiO buffer layer. The polycrystalline nanopillars are basically randomly oriented. To further understand the physical property of the as-grown BTO films, piezoelectric responsive microscopy was employed to study the multidomain structures and domain distributions. As seen from Fig. 3 , ferroelectric domains are mainly perpendicular to the film surface with the uniform polarization, although there are about 15% ferroelectric domains polarized along the in-plane direction. The ferroelectric property measurements were also performed at room temperature, as seen in Fig. 4 . It is surprisingly found that the as-grown BTO films on Ni metal tapes with a NiO buffered layer exhibit a very high resistivity value of 10 10 ⍀ cm. The ferroelectricity of the BTO films was evident from the hysteresis loop. The room temperature spontaneous polarization, remanent polarization, and coercive field from the as-deposited BTO layer can be obtained to be about 2.0 and 1.0 C/cm 2 , respec- tively, with a coercive field of 25 kV/ cm. It is known that the lattice dipole along the c axis of the tetragonal perovskite structure is the origin of the ferroelectric properties associated with BTO. In other words, the ferroelectric dipole originates from ionic displacement in the c-axis direction of the tetragonal structure. The observation of the ferroelectricity of the BTO films indicates the presence of the tetragonal BTO structure in the film, which is consistent with the result of the microstructure measurement. The piezoelectric response of the as-deposited BTO film was surprisingly found to be 130ϫ 10 −12 C / N, which is about 30% larger than the values ͓͑90-100͒ ϫ 10 −12 C/N͔ of BTO single crystalline and polycrystalline bulk materials. 11 The large piezoelectric response might result from the uniform nanodomain structures. 12 The nature of the mechanisms of their physical properties is under investigation.
In conclusion, ferroelectric BTO thin films have been fabricated on Ni metal tapes with a thin NiO buffered layer by pulsed laser ablation. Microstructure studies reveal that the as-deposited BTO films have a nanopillar structure. TEM studies of BTO/Ni interface have demonstrated that the BTO/ NiO / Ni layered films have sharp interfaces with no interdiffusion or reaction. Ferroelectric polarization measurements have shown the hysteresis loop at room temperature in the film with a large remanent polarization, indicating that the ferroelectric domains have been created in the asdeposited BTO films.
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